Cosmic rays, along with stellar radiation and magnetic fields, are known to make up a significant fraction of the energy density of galaxies such as the Milky Way. When cosmic rays interact in the interstellar medium, they produce gamma-ray emission which provides an important indication of how the cosmic rays propagate. Gamma rays from the Andromeda Galaxy (M31), located 785 kpc away, provide a unique opportunity to study cosmic-ray acceleration and diffusion in a galaxy with a structure and evolution very similar to the Milky Way. Using 33 months of data from the High Altitude Water Cherenkov Observatory, we search for TeV gamma rays from the galactic plane of M31. We also investigate past and present evidence of galactic activity in M31 by searching for Fermi Bubble-like structures above and below the galactic nucleus. No significant gamma-ray emission is observed, so we use the null result to compute upper limits on the energy density of cosmic rays > 10 TeV in M31. The computed upper limits are approximately ten times higher than expected from the extrapolation of the Fermi LAT results.
INTRODUCTION
The study of the properties of the Milky Way is unique in that it provides the opportunity to observe the features of the galaxy from within, but at the same time it is challenging to obtain a global perspective of Galactic properties. Messier 31 (M31), also called the Andromeda galaxy, is the closest neighboring major galaxy to the Milky Way and it is known to be a spiral galaxy of similar structure to the Milky Way. Moreover, M31 is one of the seven external star-forming galaxies that have been observed in gamma-rays (Abdo et al. 2010; Ackermann et al. 2017 ). These reasons make M31 an excellent substitute for studying the astrophysics of the Milky Way from the outside.
In galaxies such as the Milky Way and M31, cosmic rays can have energy densities comparable to the contributions from magnetic fields and radiation (Garmire & Kraushaar 1965) . Thus, they are likely to have a significant influence on galactic dynamics. Moreover, cosmic rays are potential probes of other poorly understood galactic properties such as the star formation rate (SFR) and total stellar mass. For example, in regions of significant star formation, the interplay of multiple stellar winds can produce shocks capable of accelerating charged particles.
Due to the presence of Galactic and extragalactic magnetic fields, it is not possible to directly associate charged cosmic rays measured at Earth with acceleration sites in the Milky Way or in other galaxies such as M31. However, cosmic ray interactions with magnetic fields, radiation, and dense material near their production sites can produce high energy photons, allowing us to probe particle acceleration indirectly. Charged particle acceleration can easily produce spectrally "hard" gamma-ray emission extending to TeV energies (Dwek & Krennrich 2013) . The gamma-ray flux from a galaxy provides an indirect measurement of the energy density of cosmic rays in the galaxy. With sufficient data, this measurement can then be used to estimate the star formation rate.
For example, the Fermi Large Area Telescope (Fermi LAT) has detected a ∼ 10σ excess of GeV gamma-rays with a spectral index of Γ of -2.4±0.1 from the core of M31, and they found an agreement between the observed gamma-ray energy flux (Abdo et al. 2010 ) and the calculated SFR of 0.35-1.0 M yr −1 by Yin et al. (2009) . M31 has also been studied for its cosmic ray energy density and other properties by Yoast-Hull et al. (2016) . Recently, the Milky Way was found to have undergone past periods of galactic activity via the discovery of the "Fermi Bubbles" (Su et al. 2010; Ackermann et al. 2014) . The Fermi Bubbles (FBs) were first detected during a search for residual gamma-rays between 1 and 100 GeV measured by the Fermi LAT (Su et al. 2010) . The bubbles subtend approximately 0.8 sr above and below the Galactic Center and are located 9.4 kpc from the Sun (Ackermann et al. 2014) . Since most spiral galaxies are believed to contain supermassive black holes at their centers, they may also undergo periods of high activity that give rise to bubble-like structures. Therefore, in the very high energy (VHE) gamma-ray analysis of M31 presented in this paper, we take into consideration the possibility that M31 has its own set of FBs. We assume a simple morphological model in our analysis based on a study of data from the Fermi LAT by Pshirkov et al. (2016) , which indicated that M31 does contain two 6 − 7.5 kpc circular regions of gamma-ray emission between 0.1 − 300 GeV. We note that this emission was not reported in subsequent publication by the Fermi LAT collaboration (Ackermann et al. 2017) .
At TeV energies, the VERITAS Collaboration collected data from several regions around M31 for 54 hours, searching for evidence of VHE emission from the M31 galactic plane and the bubble regions (Bird 2016) . However, no significant emission was observed. VERITAS has excellent energy and angular resolution and is very sensitive to point sources, but M31 is a spatially extended source covering roughly 3.2 • × 1 • (Bird 2016), making observations with VERITAS difficult. The High Altitude Water Cherenkov (HAWC) observatory is well suited to perform unbiased measurements of gamma-rays from spatially extended objects. HAWC is conducting a survey of 2/3 of the sky in gamma-rays and is sensitive to gamma-rays with energies ranging from 1 TeV to a few hundred TeV (Abeysekara et al. 2017a (Abeysekara et al. ,b, 2019 . HAWC is located at 4100 m above sea level, at a latitude of 18 • 59.7' N and longitude of 97 • 18.6' W. The nucleus of M31 is located at α J2000 = 0 h 43 m 35 s .43, δ J2000 = +41 • 20 56.8 , and the galaxy transits 22 • from the zenith of the HAWC detector.
In this paper, we present a systematic search of the extended gamma-ray emission from M31 disk and its possible bubble-like regions above 1 TeV using 25 months of data from HAWC. The paper is structured as follows: we present the spatial models of M31, its possible associated bubbles, and analysis method in Section 2; in Section 3 we provide gamma-ray upper limits for M31, the bubbles and the combined morphology. We also constrain the cosmic-ray energy density in the M31 disk in Section 3.
The analysis of gamma ray sources with HAWC is described in detail in Abeysekara et al. (2017a) . In brief, the energy of each gamma ray is estimated from the fraction of the optical sensors in HAWC triggered by gamma-ray air showers. To estimate the energy spectrum of an observed source of gamma rays, parametric spatial and spectral models of gamma ray sources are fit to HAWC data using a maximum likelihood technique. We employ the Multi-Mission Maximum Likelihood analysis framework (Vianello et al. 2016) to fit parametric spatial and spectral models to the HAWC data. For both the M31 disk and bubble regions, we assume the gamma-ray emission is described by a simple power law
where K is a normalization constant, E 0 is the pivot energy, and Γ is the spectral index. For the disk-only analysis, we perform a maximum likelihood fit of the flux normalization with three different fixed spectral indices. The same procedure is followed for the bubbles-only analysis. For the combined case, we perform the analysis for all combinations of spectral indices for the disk and the bubble regions. Note that when fitting, the normalizations and the spectral indices are assumed to be same for both bubbles. Throughout the analysis, a fixed pivot energy of E 0 = 1 TeV is used and the spectral indices of [−2.0, −2.5, −3.0] are considered. Our estimate of statistical significance, the "Test Statistic" (TS), is computed for each fit as follows (Albert et al. 2018; Wilks 1938) :
The maximum-likelihood estimators are used to find the best normalizations,K disk andK FB . We then useK disk andK FB as input to a Markov-Chain Monte Carlo (MCMC) in order to estimate the distribution of the posterior likelihood around the maximum. In the MCMC, a uniform prior range is assumed for both K disk and K FB between 0 and 10 −11 TeV −1 cm −2 s −1 . Given the lack of statistically significant VHE emission, the MCMC results are then used to compute 95% credible upper intervals on the flux normalization.
In addition to upper limits on K assuming a fixed Γ for the disk, bubbles, and disk and bubbles in combination, we also compute quasi-differential limits between 1 and 100 TeV. In this case the power law fit is constrained within several energy bins and the pivot energy of the power law is also adjusted to the middle of each energy bin. We adopt half decade energy bins in quasi-differential limits, following the analysis of HAWC data presented in Aartsen et al. (2017) . The energy bins are defined in Table 1 .
Model Templates
We treat the morphology of the M31 FBs as described in Pshirkov et al. (2016) . The position of the core of M31 is taken from the 100 µm infrared map found in the Improved Reprocessing of the IRAS Survey (IRIS) database (Miville-Deschenes & Lagache 2005) . The location of the M31 galactic center, the positions of the bubbles, and the orientation of the disk of M31 used in the analysis are given in Table 2 . The M31 galactic disk is modeled as an ellipse with a semi-major axis defined by two endpoints, inclined at 45.04 • with an aspect ratio of b/a = 0.22 (Pshirkov et al. 2016 ). The two FB regions are modeled as circular disks of radius 0.45 • , oriented perpendicular to and symmetrically above and below the galactic plane of M31. Figure 1 displays the regions used in the spatial fit. Two of the model templates used in the analysis are based on M31 and the FB separately. The third model template is the combination of M31 and the FBs. The flux is assumed to be constant within the area encompassed by the template. ). The two endpoints and nucleus of M31 define the galactic plane, which we use to locate two positions perpendicular and symmetric to the center of the plane that are spaced 0.45 • from the nucleus.
Cosmic-ray Energy Density
Using a measurement of or constraint on the flux of TeV gamma rays, under the assumption that gamma-ray emission is due to the decay of neutral pions produced by cosmic-ray interactions, the energy density of cosmic rays responsible for the production of gamma rays can be derived using (Abramowski et al. 2016 )
In Equation 4, L γ (≥ E γ ) is the observed gamma-ray luminosity at energies beyond E γ , and M is the mass of target nuclei within the region of interest. Estimates of target mass are typically based on measurements of HI and HII; the quantity η n is a scale factor fixed at 1.5 to account for nucleons present other than hydrogen (Abramowski et al. 2016) . Since physical properties such as the mass of the galaxy are required for the calculation, the cosmic-ray energy density is only computed for M31 and not for the bubbles. In addition, we also compute the cosmic-ray energy density corresponding to a gamma-ray energy above 1 TeV for each energy bin adopted from the quasi-differential limits. Table 2 .
Current best estimates of the properties of M31 are used with relevant uncertainties (see Table  3 ). The uncertainties are propagated to calculate the systematic uncertainties on each value of ω CR . Most of the uncertainties on the energy densities come from the estimates of the target mass and the detector systematics in the HAWC analysis (Abeysekara et al. 2017a ). 3. RESULTS The analysis uses data recorded with HAWC between June 2015 and December 2017 (Abeysekara et al. 2017a) . A search for excess gamma rays in the region around M31, computed using a power law, is shown in Figure 2 . No significant excess is observed in >1 TeV gamma-ray emission. Thus, for each of our model templates, we report 95% credible upper limits on the flux above 1 TeV.
To compare our measured upper limits with background-only regions, we estimate the expected upper limits of HAWC to the M31 disk and two FBs (as well as individual components of such a combined model) by fitting the same M31 spatial templates at different right ascensions while keeping the declination of the template fixed. By avoiding regions with known VHE gamma-ray sources, this produces a distribution of background-only estimates for the particular morphological models we are using. These are used to provide expected limits of the model templates used in our analysis and 68% and 95% containment bands of the expected limits. 
Expected Gamma-ray Flux from M31 Fermi Bubbles, assuming Milky-Way like Emission
The observed spectral energy distribution (SED) of the Milky Way FBs reported by Ackermann et al. (2014) is approximately constant in the 1 -100 GeV energy range. However, at higher energies the spectrum falls off as shown in Figure 3 .
From the observed flux of the Milky Way bubbles, we can calculate the gamma-ray flux of equivalent bubble-like structures of M31, given the distance r M31 = 785 kpc between M31 and the Milky Way. 
Fermi-LAT (2014) Broken power law: (Ackermann et al. 2014) . The dashed line is a best-fit broken power law between 1 − 500 GeV with spectral indices Γ 1 , Γ 2 , and break energy E B . Below 50 GeV the flux is an E −2 spectrum; above the spectrum is described by E −2.75 .
This follows a similar analysis carried out by Pshirkov et al. (2016) . Since HAWC is sensitive to gamma-rays in the TeV regime, we extrapolate the SED to energies greater than 1 TeV. First, we calculate the integral flux of the Milky Way FBs by integrating the best-fit power law (dashed line in Figure 3 ) above 1 TeV multiplied by the total solid angle of the bubbles. To extrapolate the flux to what is expected from a similarly sized source at the position of M31, we scale the integral flux by (r MW /r M31 ) 2 where r MW is the distance to the Milky Way FBs. Under these assumptions, the expected integral flux from M31 FBs is approximately 3.9 × 10 −15 cm −2 s −1 at energies > 1 TeV.
Using the constant flux from 1 to 50 GeV (the dashed curve in Fig. 3) , we calculate the total integral flux expected from M31 bubbles to be 2.06 × 10 −10 cm −2 s −1 . In comparison, Pshirkov et al. (2016) reports an integral flux of 2.6 ± 0.6 × 10 −9 cm −2 s −1 with a spectral index of Γ FB 2.3 ± 0.1 in this energy range. The Fermi LAT Collaboration does not report any statistically significant GeV emission from these regions (Ackermann et al. 2017 ).
Spectral Analysis
The spectrum of the M31 disk, the bubbles and the combined spatial model are shown in Figures 4 and 5. We summarize integral flux upper limits for the M31 disk, bubbles and combined models in Table 4 based on power law fits (eq. 1); the table also includes expected upper limits for the corresponding models. Figures 4 and 5 show quasi-differential limits calculated using the method described in Section 2. Plots based on the single power law fits and tables giving the normalizations K for each fit are provided in the Appendix of this paper.
For the various single and joint fits, the limits on the VHE integral gamma-ray flux > 1 TeV differ by roughly a factor of six when different spectral indices are assumed. We note that all upper limits are within the 95% intervals of the "expected" upper limits, defined using fits to background-only regions observed by HAWC (see Section 2). Thus the upper limits on the VHE flux are consistent with the expected sensitivity of the detector. For comparison, VERITAS upper limits corresponding to a large and a small test region of M31 (Bird 2016) are also shown in Fig. 4 ..
Cosmic Ray Energy Density Interpretation
The calculated integral flux upper limits are used to infer the measured upper limits for the cosmicray energy density of the M31 disk above 1 TeV. The results are tabulated in Table 5 along with the uncertainties calculated by propagating the uncertainties in the disk mass and distance (see Table 3 ) and the systematic uncertainties on gamma-ray spectra measured with HAWC (Abeysekara et al. 2017a) .
For limits on the quasi-differential cosmic-ray energy density, we calculate ω CR (≥ 10E γ ) with E γ set to the lower and higher end energy values for each energy bin in measured quasi-differential flux upper limits. Then we use the values to compute the quasi-differential cosmic-ray energy density upper limits per energy bin using:
Our limits on the cosmic ray energy density agree with the expected upper limits computed in background-only regions. For all energy bins considered in this work, the computed upper limits on ω CR are higher than the average cosmic ray energy density of the Milky Way calculated by the H.E.S.S. Collaboration (Abramowski et al. 2016 ), ∼ 10 −3 eV cm −3 . M31 Disk (Γ = −2.0) 0.0108 ± 0.0085 M31 Disk (Γ = −2.5) 0.0281 ± 0.0220 M31 Disk (Γ = −3.0) 0.0284 ± 0.0223 Table 5 . Calculated upper limits on the cosmic-ray energy density for the M31 disk for three spectral indices.
4. CONCLUSIONS We have searched for gamma-ray emission from the nearby spiral galaxy, M31, applying spatial templates with 25 months of HAWC data. Independent and joint fits to the galactic disk and FB-like structures are performed. No significant emission is observed in the regions of M31 with the HAWC point source and extended source searches. Therefore, we report flux upper limits for the disk, the bubbles and the two features combined. The calculated integral flux upper limits are consistent with HAWC's sensitivity to background-only regions. The Fermi LAT spectral analysis of the M31 disk (Ackermann et al. 2017 ) provides a spectral index of Γ of -2.4±0.1. When the spectrum is extrapolated under the assumption of no spectral break, the corresponding particle flux above 1 TeV has a value of 2.51×10 −14 cm −2 s −1 . The flux upper limits from HAWC are about an order of magnitude higher than the extrapolated results, but consistent with the HAWC sensitivity. Our results do not coincide in energy range with VERITAS results (Bird 2016) ; however, our upper limits are consistent with their upper limits.
Using the calculated flux upper limits of the M31 galactic disk, we estimate its cosmic-ray energy density using different fixed spectral indices at >1 TeV extrapolated to the full energy range of HAWC (see Table 5 ) as well as quasi-differential energy bins ( Figure 6 ). We note that if we extrapolate the M31 disk spectrum measured by the Fermi LAT (Ackermann et al. 2017) to the 1 − 100 TeV range, we obtain an integral flux of 7.40×10 −14 TeV cm −2 s −1 . This value can be interpreted as cosmic ray energy density of 1.05×10 −5 eV cm −3 , which is consistent with the upper limits on cosmic ray energy density that we estimate with HAWC and report in this work.
The HAWC limits can also be compared to the flux of the FBs in the Milky Way, normalized to the distance to M31, as described in Section 3.1. The upper limits of the integral flux of the M31 FB structures (0.30 -2.68×10 −13 cm −2 s −1 ) are found to be higher than the extrapolated flux of 3.9×10 −15 cm −2 s −1 by approximately two orders of magnitude.
This analysis is the first systematic study of the extended gamma-ray emission from the M31 region at TeV energies by a detector optimized to study extended emission. While no VHE gamma rays from the disk of M31 or "Fermi Bubble" regions around the galactic nucleus were observed, we have constrained emission from this region up to 100 TeV. Future versions of this analysis will benefit from a factor of two increase in the size of the HAWC data set, as well as the development of high-resolution gamma-ray energy estimators in the HAWC reconstruction of gamma-ray air showers. Combined [Γ M31 = −2.5, Γ FB = −2.5] Figure 5 . Left: 95% credible upper limits on VHE emission from "Fermi Bubbles" in M31, assuming an E −2.5 spectrum. Right: 95% upper limits VHE emission from a joint fit of M31 and the FB regions, assuming independent spectral normalizations but the same power law index of −2.5. 34 (5.14-16.47, 7.69-10.94) 3.52 (2.63) M31 Disk (Γ = −2.5) 56.26 57.42 (31.27-90.48, 47.77-69.46) 21.76 (17.60) M31 Disk (Γ = −3.0) 103.59 141.91 (88.16-257.09, 119.96-175.46) 38.96 (32.44) FB (Γ = −2.0) 3.11 4. 99 (2.45-8.57, 3.88-6.31) 1.06 (0.93) FB (Γ = −2.5) 25.08 28.72 (15.15-49.65, 24.29-34.02) 7.19 (8.24) FB (Γ = −3.0) 40.67 65.53 (39.17-126.04, 57.22-80.70) 14.73 (13.06) 80 7.49 (3.13-16.35, 6.24-9.09) 2.84 3.38 4.46 (2.17-7.39, 3.48-5.71) 1.12 46 7.76 (3.85-16.02, 6.41-9.41) 3.38 15.36 22.20 (8.53-44.00, 17.03-31.40) 
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Combined (Γ M 31 = −3.0, Γ F B = −2.5) 99.92 107.32 (46.34-227.66, 80.12-131.09) 38.04 15.71 27.00 (10.29-45.41, 21.57-33.21) 
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Combined (Γ M 31 = −3.0, Γ F B = −3.0) 110.85 109.35 (58.16-227.98, 91.45-132.16) 36.28 48.55 57.82 (32.36-100.36, 48.41-71.69) 18.41 Table 6 . Normalization values for for 95% credible interval upper limits, expected limits and the best fit on the emission from the M31 galactic disk and its bubbles. For the combined model results, 95% credible interval upper limits for M31 and FBs are given seperately, respectively. Figure 8 . Measured quasi-differential upper limits and expected limits for the M31 FBs for a spectral index of 2.5. Figure 9 . Measured quasi-differential upper limits and expected limits for the M31 disk and the FBs for different spectral index assumptions. Figure 10 . 95% credible interval upper intervals (and background-only expected upper limit bands) of the M31 disk assuming power-law emission with spectral index −2, −2.5, and −3. Dotted lines are the extrapolations of our upper limit for energies lower than HAWC's sensitivity. Figure 11 . 95% credible interval upper limits and expected upper limits bands for the M31 "bubble" templates assuming a power law with spectral index −2, −2.5, and −3. Figure 13 . Measured quasi-differential upper limits and expected limits for the M31 FBs for three assumed spectral indices. Figure 14 . HAWC expected upper limits for cosmic-ray energy density for different spectral indices.
